Despite the international significance of wheat, its large and complex genome hinders genome sequencing efforts. To assess the impact of selection on this genome, we have assembled genomic regions representing genes for chromosomes 7A, 7B and 7D. We demonstrate that the dispersion of wheat to new environments has shaped the modern wheat genome. Most genes are conserved between the three homoeologous chromosomes. We found differential gene loss that supports current theories on the evolution of wheat, with greater loss observed in the A and B genomes compared with the D. Analysis of intervarietal polymorphisms identified fewer polymorphisms in the D genome, supporting the hypothesis of early gene flow between the tetraploid and hexaploid. The enrichment for genes on the D genome that confer environmental adaptation may be associated with dispersion following wheat domestication. Our results demonstrate the value of applying next-generation sequencing technologies to assemble generich regions of complex genomes and investigate polyploid genome evolution. We anticipate the genome-wide application of this reduced-complexity syntenic assembly approach will accelerate crop improvement efforts not only in wheat, but also in other polyploid crops of significance.
Introduction
Wheat is a major food crop and is used widely for making breads, pastries, noodles and dumplings. It was domesticated around 10 000 years ago in both tetraploid and hexaploid forms (Dubcovsky and Dvorak, 2007) , and today, hexaploid bread wheat (Triticum aestivum) provides roughly a fifth of world's food (Food and Agriculture Organisation of the United Nations, 2012). Genome analysis in bread wheat is a challenge as it has a genome nearly six times larger than the human genome and consists of between 80 and 90% repetitive sequence (Wanjugi et al., 2009 ). Bread wheat is also hexaploid with 21 pairs of chromosomes, being derived from a combination of three diploid donor species each with seven pairs of chromosomes. The donor species are proposed to have diverged from an ancestral diploid species between 2.5 and 6 MYA (Chantret et al., 2005; Huang et al., 2002) . Hexaploid bread wheat evolved through two interspecific hybridization events, each accompanied by polyploidization. The first, occurring between 0.5 and 3 MYA, combined the genomes of Triticum urartu (AuAu) and an unidentified species (BB) highly similar to Aegilops speltoides to produce the allotetraploid genome of wild emmer wheat or Triticum turgidum (AuAuBB) (Chantret et al., 2005; Eckardt, 2001; Huang et al., 2002) . The second event combined the genomes of T. turgidum (AuAuBB) and Aegilops tauschii (DD) to produce the allohexaploid genome of T. aestivum (AuAuBBDD) (McFadden and Sears, 1946) . Each diploid progenitor genome is around 5500 million base pairs, almost twice the size of the human genome, and consists of between 80% and 90% repetitive elements (Dvo r ak, 2009). A greater number of genes for domestication traits are found on the A and B genomes (Gegas et al., 2010) , suggesting that the tetraploid was domesticated prior to the emergence of the hexaploid. No wild hexaploid wheats are known, and it is accepted that T. aestivum originated from a cross between Ae. tauschii and domesticated tetraploid emmer, probably South or West of the Caspian Sea around 8000 years ago (Giles and Brown, 2006; Nesbitt and Samuel, 1995; Salamini et al., 2002) .
The evolution of the homoeologous gene space in polyploid genomes can be investigated by comparative genomics approaches, including differential gene loss and single-nucleotide polymorphisms (Bekaert et al., 2011; Thomas et al., 2006) . In addition, the group 7 chromosomes are known to contain QTL associated with boron tolerance, drought tolerance and pathogen resistance (Dolores Vazquez et al., 2012; Genc et al., 2010; Schnurbusch et al., 2007) . Consequently, while the group 7 has been sequenced as study of genome evolution, sequencing this chromosome group also represents an opportunity to pursue agriculturally important traits.
Results
Using second-generation sequencing (2GS) of isolated group 7 chromosome arms, as per our previously described methodology , we have assembled genomic regions containing all or nearly all genes for these chromosomes and ordered and aligned the majority of these genes based on synteny with B. distachyon, O. sativa, and S. bicolor (Table 1,  Table S1 ). We identified 9258 genes in total to be present on the three chromosomes, 5532 (59.8%) of which were placed into the syntenic builds (Table S1) .
We obtained from the GrainGenes database cDNA sequences representing 18 785 loci (Carollo et al., 2005; Matthews et al., 2003) that were located to defined chromosomal regions by hybridization to DNA from wheat deletion lines (Hossain et al., 2004) . These cDNAs were reciprocal best BLAST aligned with each of the group 7 assemblies (Table S4) . The results are consistent with our previous results for 7DS and the expected error rate for bin mapping cDNAs in wheat . The results showed group 7 mapped ESTs preferentially aligning with the group 7 chromosome assemblies. Some sequences within the 7A and 7D assemblies are also aligned with 4A, which is consistent with the previously characterized ancestral translocation between 7BS and 4AL Hernandez et al., 2012) (Figure S2 ). Genetic markers from Ae. tauschii chromosome 7 ) demonstrated a high degree of concordance with the order and orientation of the 7D syntenic build ( Figure S3 ), as per our previous results .
Comparison of assemblies demonstrated that the majority of genes remain conserved, with a copy present on each of the 3 homoeologous chromosomes (Figure 1 ). Within the syntenic builds, we identified 1291 genes to be present on all three chromosomes and were orthologous to predicted syntenic B. distachyon genes. In addition, we identified 550 B. distachyon genes with orthologs present on only 2 wheat genomes and 545 B. distachyon genes with orthologs present on only a single wheat genome. Greater gene loss was observed in the A and B genomes compared with the D genome, with 2988, 2905 and 3351 genes identified in the A, B and D genomes, respectively ( Figure 1 , Table S2 ).
We predicted the gene ontology (GO) terms for genes retained in the wheat group 7 chromosomes compared with all genes present in syntenic regions of O. sativa, S. bicolor and B. distachyon. GO terms with a STRING (Szklarczyk et al., 2011) enrichment score >1 are listed in Table 2 . The genes retained in the three subgenomes present differing GO profiles in preferentially retained genes when ranked by enrichment index ( Table 2, Table S3 ). The A and B subgenomes have preferentially retained genes relating to basic cellular processes, while the D subgenome has maintained a greater proportion of genes related to specialized processes.
Protein interaction network analysis was undertaken based on the protein interaction network of Arabidopsis thaliana. This revealed an abundance of genes from both 7A and 7B involved in gene networks of ribosomal proteins, transcription factors and RNA polymerases and a reduced representation of these large networks observed for 7D ( Figure S1 ). Network analysis also revealed an increased proportion of 7D genes not associated with a network, as well as the presence of a proteolysis gene network not observed in 7A or 7B (Table 2, Figure S1 ).
By comparing whole-genome sequence data for four Australian wheat varieties with the group 7 assemblies, we predicted more than 900 000 intervarietal SNPs on the assembled group 7 contigs with an accuracy of 93% . Syntenic builds for chromosomes 7A and 7B showed significantly greater intervarietal SNP polymorphism than 7D ( 
Discussion
Wheat has a complex evolutionary history, with the tetraploid forming in the wild, and later combining with the D genome species to produce hexaploid bread wheat. By sequencing and assembling the low copy and unique gene regions of isolated chromosome arms representing homoeologous chromosomes, we can observe the impact of this history on genome structure. Gene loss is common following whole-genome duplication (WGD) (Paterson et al., 2009; Schnable et al., 2009; Thomas et al., 2006; Woodhouse et al., 2010) . WGD also provides the opportunity for the neo-or subfunctionalization of duplicated genes, and this has been suggested as an explanation of the prevalence of polyploidy in plants . In Brassica rapa, ancient WGD events have been identified as the basis for the increased morphological plasticity observed in the Brassica family (Wang et al., 2011) . The dosage balance hypothesis suggests that gene networks in plants significantly influence the process of gene loss following genome duplication . While the dosage balance hypothesis holds true in a constant selective environment, recent evidence suggests that a change in the selective environment at the time of WGD can result in the emergence of new genes or functions that provide a specific selective advantage (Bekaert et al., 2011) . By using the same method to generate each of the syntenic builds, the observed differential retention of genes between chromosomes represents true differences in gene content between the genomes.
Greater gene loss was observed in the A and B genomes compared with the D genome, (Figure 1 , Table S2 ) which, when combined with the smaller chromosome size of 7D, appears to have resulted in a higher overall gene density on 7D (Table 1) . This reflects two rounds of fractionation. Initial gene loss occurred in the A and B genomes following tetraploidy between 0.5 and 3 MYA, with subsequent loss from all three genomes following the formation of the hexaploid around 8000 years ago. The genes retained in the three subgenomes present differing GO profiles in preferentially retained genes when ranked by enrichment index ( Table 2, Table S3 ). This suggests differential selection pressure between the first and second polyploidization events. Chromosome 7D possesses enriched GO terms related to metal ion processing and reproductive development, which is consistent with a recent suggestion of the D genome's contribution to adaptability and dispersion of hexaploid bread wheat (Dubcovsky and Dvorak, 2007) . Changes in the selective environment may cause the retention of genes that provide a selective advantage, with the absolute dosage of advantageous genes taking precedence over the dosage balance of highly networked genes which applies under 'normal' conditions (Bekaert et al., 2011) . Protein interaction network analysis revealed a reduced representation of large networks for 7D and an increased proportion of 7D genes not associated with a network (Table 2, Figure S1 ). Following from the above-described work of Bekaert et al. (2011) , the differences we observed in the gene network profile of the D genome, in which minimally networked genes are preserved, suggest changes in the selective pressure of wheat following hexaploidization. This is consistent with the shift from natural to human selection following T. turgidum/A. tauschii hybridization associated with domestication and the expansion of environments in which hexaploid wheat was grown. The differential gene loss between the A, B and D genomes further supports the recently proposed theories for selective gene retention and loss following polyploidization (Bekaert et al., 2011) . Our results therefore suggest that following the emergence of T. aestivum, the expansion of hexaploid wheat to new environments has driven genome fractionation and evolution in this species.
The abundance and type of single-nucleotide polymorphisms (SNPs) in a genome reflect the history of selection and evolution in the species. By comparing whole-genome sequence data for four Australian wheat varieties with the group 7 assemblies, we identified more than 900,000 SNPs on the assembled group 7 contigs. Syntenic builds for chromosomes 7A and 7B showed significantly greater intervarietal SNP polymorphism than 7D (Figure 2 , Table 3 ). This is consistent with previous results (Chao et al., 2009) . Following the origin of T. aestivum, the tetraploid and hexaploid existed in sympatry for a period (Dvorak et al., 1998) , and it has been suggested that gene flow between the two species resulted in greater sequence diversity within the A and B subgenomes when compared with the D subgenome (Caldwell et al., 2004; Dvorak et al., 2006; Talbert et al., 1998) . The greater genetic diversity we observe on the A and B genomes is most likely due to early gene flow occurring between hexaploid T. aestivum (AuAuBBDD) and its tetraploid progenitor T. turgidum (AuAuBB), without a similar flow occurring between the hexaploid and Ae. tauschii (DD) (Dvorak et al., 2006) .
Summary
The greater levels of gene conservation, together with the relative abundance of non-networked genes, suggests that that the D genome has played an important role in bread wheat evolution and that the hexaploid wheat genome has been shaped by domestication and dispersal. This analysis also demonstrates the utility of second-generation sequencing technologies in the analysis of complex polyploid genomes without a reference genome sequence. While the absence of a reference genome sequence hampers investigation of issues of biological and economic importance in polyploid crops, this study demonstrates that new sequencing technologies can yield important insight into polyploid genome evolution and crop physiology, prior to the availability of a complete genome sequence.
Experimental procedures

Data generation, assembly and validation
Professor Bikram Gill (Kansas State University, Manhattan, USA) provided seeds of double ditelosomic lines for the group 7 chromosomes of Triticum aestivum cv. Chinese Spring. The seeds were germinated and root tips of young seedlings were used for the preparation of liquid suspensions of intact chromosomes as previously described (Vr ana et al., 2000) . Group 7 chromosome arms were flow-sorted as telocentric chromosome in batches of 19-39 000 chromosomes representing 20-30 ng DNA. To estimate contamination with other chromosomes, 1000 chromosomes were sorted onto a microscope slide in three replicates and used for fluorescence in situ hybridization (FISH) with probes for Afa family and telomeric repeats (Kubal akov a et al., 2005) . Purity in sorted fractions varied from 84% (7AS, 7AL, 7DS) to 94% (7BS, 7BL, 7DL). Chromosomal DNA was purified and subsequently amplified using the Illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Chalfont St. Giles, UK). A total of 200 ng of pooled, amplified DNA from each chromosome arm was used to prepare Illumina paired-end libraries, which were sequenced on the Illumina GAIIx and Illumina HiSeq2000 platforms as previously described . All B. distachyon, O. sativa and S. bicolor gene sequences excluding intron regions were downloaded from Phytozome version 7 (Goodstein et al., 2012) .
Details of the paired-end data generated on Illumina GAIIx and HiSeq 2000 for each chromosome arm is presented in Table S1 .All data have been submitted to the NCBI short-read archive, references SRA025100.1, SRA028115.1, SRA049415.1, SRA049416.1, SRA049417.1 and SRA049418.1. All sequence data were filtered and trimmed using an in-house script, trimConverter.py, to produce reads with a Phred quality score of at least 20 at each nucleotide position and a minimum length of 63 bp. The trimmed and filtered read set was assembled using Velvet version 1.1.04 (Zerbino and Birney, 2008 ) on a DELL R905 server with 128 GB RAM. Each Velvet assembly used a kmer size of 63 bp and an expected coverage representing the read depth after filtering (Table S1 ). The assembly statistics and predicted size of each chromosome arm are displayed in Table S1 with more detailed assembly statistics presented in Table S1 .
Producing syntenic builds and assembly annotation
A comparative genomics approach was applied to order and orientate the wheat contigs into a draft syntenic build, as previously described Mayer et al., 2009) , with results presented in Table S2A . In this approach, B. distachyon, O. sativa and S. bicolor were used as the genomes for syntenic comparison, with this order of evolutionary closeness to wheat determining the decision hierarchy in the algorithm. In the case of infrequent tandem gene duplications, the duplications were assembled individually and placed adjacent to each other in the final syntenic build. The process of producing the syntenic build also identified wheat homologs to B. distachyon genes outside of the predicted syntenic regions and reflect previously described gene movement Wicker et al., 2010 Wicker et al., , 2011 (Table S2B ). Syntenic builds for each chromosome arm were combined to form a single syntenic build for each chromosome, with the remaining assembled contigs placed into a chromosome-specific 'extra_contigs' files. The full syntenic chromosome sequences of B. distachyon version 192, O. sativa version 193 and S. bicolor version 79 were all downloaded from Phytozome (Goodstein et al., 2012; International Rice Genome Sequencing Project, 2005; Paterson et al., 2009; Vogel et al., 2010) . Following the generation of the syntenic builds, the number of genes on each of the group 7 chromosomes was calculated as per the methodology previously described . The majority of contigs from each shortread assembly did not match any B. distachyon gene, and reviewing the annotation of these contigs suggests that they are predominantly made up of nested transposable element insertions (data not shown), consistent with our previous results .
We annotated each syntenic build with predicted genes, gene functional annotations, as well as homoeologous and varietal SNPs. Predicted genes were identified by comparing all B. distachyon genes with the syntenic builds using WU-BLASTN (http://hg.wustl.edu/info/README.html) with an E-value cut-off of 1e-5 and a minimum distance between HSPs of 4 kbp. Gene functional annotations were predicted by comparing each syntenic build and its extra contigs with the Uniref90 database using BLASTX (Altschul et al., 1990) with an E-value cut-off of 1e-10. Homoeologous SNPs were detected by comparison of chromosome arm syntenic builds to raw short-read sequences using custom in-house software SGSautoSNP, while varietal SNPs were detected by aligning varietal WGS data from four Australian cultivars (Gladius, Drysdale, Excalibur, and RAC875) using the same tool. All annotations and sequences are available for public access at www.wheatgenome.info .
Comparison of homoeolog gene content
Wheat gene sequences predicted by comparison of the chromosome assemblies with B. distachyon genes were compared with the Swissprot database (downloaded 16th August 2011) using BLASTX with an E-value cut-off of 1e-5. The same comparison with Swissprot was performed with all predicted genes from B. distachyon genome as well as a subset of B. distachyon genes within regions syntenic with wheat chromosome 7. The resulting lists of UNIPROT accession numbers were analysed using the DAVID GO functional annotation clustering tool (Huang et al., 2008 (Huang et al., , 2009 ) with the background of the complete B. distachyon genome as a control measure of enrichment for this particular genomic region in B. distachyon. UNIPROT accession numbers identified from 7A, 7B and 7D, as well as a combined list of all three were compared, with the background set of all genes from the B. distachyon syntenic region. Annotations of COG_ONTOLOGY in the Functional_Categories database as well as GOTERM_BP_ALL, GOTERM_BP_FAT, GOTERM_CC_ALL, GOTERM_CC_FAT, GOTERM_MF_ALL, and GOTERM_MF_FAT in the Gene_Ontology database were considered in characterizing enriched function.
Brassica distachyon gene sequences with an ortholog on each of the 7A, 7B and 7D syntenic builds were identified as per our previously described methodology . The full set of Arabidopsis thaliana coding regions was downloaded from Phytozome version 7 (Goodstein et al., 2012) and compared with the B. distachyon gene sequences using BLASTN (Altschul et al., 1990) with an E-value cut-off of 10e-05. The list of names for the A. thaliana genes with top hits against the three sets of B. distachyon genes was then loaded into STRING (Szklarczyk et al., 2011) to identify the representation of networked genes on each group 7 chromosome. 120 connecting nodes were provided to the network produced by each chromosome gene list, resulting in minimum confidence scores of 0.933, 0.916 and 0.930 for 7A, 7B and 7D, respectively. The confidence score is a measure of the reliability of evidence for network interactions; therefore, the number of nodes applied and consistent confidence scores represent the optimal network generation for accurate comparison. Figure S1 displays the full gene networks representing each chromosome arm.
SNP density analysis and variation
Between 8.89 and 10.89 coverage of Illumina whole-genome paired read sequence data were generated for four Australian wheat cultivars Drysdale (173.11 Gbp), Gladius (185.60 Gbp), Excalibur (161.22 Gbp) and RAC875 (149.59 Gbp). The data were mapped to the three group 7 wheat chromosome assemblies as well as an assembly of chromosome arm 4AL to prevent the erroneous mapping of reads associated with 7BS/4AL translocation. Mapping was conducted with SOAP v2.21 (Li et al., 2008) using the default parameters, allowing up to 2 mismatches per read. Only uniquely mapped paired reads were retained. The number of reads mapped from each dataset is presented in Table S5 and is consistent with the proportion of reads that could be expected to uniquely map with high stringency to the assembled portion of the genome.
SNPs were predicted using our in-house SGSautoSNP pipeline , which is available on request and based on the autoSNP algorithm (Barker et al., 2003; Duran et al., 2009) . All predicted SNPs are presented on a GBrowse database at www.wheatgenome.info and summarized in Table 3 (full details  in Table S6 ). SNP density was measured across each syntenic build using in-house scripts that count the number of SNPs occurring in a window of 50 kbp moving in a frame of 10 kbp (Figure 2 ). SNP density varied across each of the chromosomes, with a greater number of SNPs identified on chromosome 7A, and significantly fewer SNPs identified on chromosome 7D. Calculating the proportion of SNP transitions indicates the historic methylation profile of each subgenome (Table S6) .
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